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------------------------------------------------------------------------------------------------------- 
The structures of cacoxenite and gormanite have been studied using Raman spectroscopy at 298 and 77 K 
complimented with infrared spectroscopy. Two sets of well–defined hydroxyl stretching vibrations are observed 
for cacoxenite attributed to Al-OH and Fe-OH stretching bands. Additional bands in the range 3274−3418 cm-1 are 
assigned to water stretching vibrations. In contrast the spectral profile of cacoxenite is a broad profile centred at 
3255 cm-1. No distinct OH stretching vibrations are observed. The reason is the cacoxenite structure has large 
diameter pores in which the water is found. Multiple PO4 stretching vibrations are observed indicating non-
equivalent phosphate anions in both the structure of gormanite and in cacoxenite.  
------------------------------------------------------------------------------------------------------ 
1 Introduction 
 Hydrated hydroxy phosphates have been known and studied for a considerable time 1-3. Such 
minerals include cacoxenite (Fe3+,Al)25(PO4)17O6(OH)12.75H2O 
4-6; hureaulite 
(Mn2+)5(PO4)2[(PO3(OH)]2.4H2O 
7, 8; planerite Al6(PO4)2(PO3OH)2(OH)8.4H2O 
9-11 ; gormanite 
(Fe2+)3Al4(PO4)4(OH)6.2H2O and wardite NaAl3(PO4)2(OH)4.2H2O 
12-14. These minerals are of 
importance because of their presence in soils. Cacoxenite is a common accessory mineral found in 
oxidised magnetite, limonitic ores 15 and brecciated rock phosphate ores 16. Less commonly cacoxenite 
can be found in Fe and Mn-bearing novaculites and some Fe-rich soils or in coastal plain sediments 17. 
Cacoxenite is found in over 150 deposits around the world. Gormanite is found as low-temperature 
fracture fillings in phosphate ironstones in the Yukon, Canada, where it is the only phosphate 
secondary mineral. There gormanite is associated with quartz and siderite 18. Gormanite has also been 
recorded from fractures in tonalite. Some of these minerals may form during the weathering of 
phosphate rocks and may form during the addition of phosphate fertilisers to acid soils. 
Recently Frost et al. (in press) used Raman spectroscopy to characterise a series of phosphates found in 
soils, namely variscite, strengite, metavariscite and phosphosiderite. Near Iron Knob, South Australia, 
rare phosphate minerals occur sporadically in hematitic Fe formations of the Eyre Peninsula as a 
number of different, often monomineralic, and minor parageneses: mongomeryite-variscite-apatite, 
montgomeryite-millisite, cyrilovite-strengite, wavellite-wardite, turquoise, mitridatite, kidwellite, 
kleemanite, dufrenite, gorceixite, crandallite, and variscite. These parageneses are interpreted as the 
precipitates from ground waters in a range of aqueous microenvironments beneath an ancient water 
table 19.  
 
 The amount of published data on the Raman spectra of mineral phosphates is very limited 20-
24. The Raman spectra of the hydrated hydroxy phosphate minerals have not been reported. In aqueous 
systems, Raman spectra of phosphate oxyanions show a symmetric stretching mode (ν1) at 938 cm
-1, 
the antisymmetric stretching mode (ν3) at 1017 cm
-1, the symmetric bending mode (ν2) at 420 cm
-1 and 
the ν4 mode at 567 cm
-1 22, 23, 25. Farmer (1974) (page 404) listed some well-known minerals containing 
phosphate which were either hydrated or hydroxylated or both 26. The value for the ν1 symmetric 
stretching vibration of PO4 units as determined by infrared spectroscopy was given as 930 cm
-1 
(augelite), 940 cm-1 (wavellite), 970 cm-1 (rockbridgeite), 995 cm
-1 (dufrenite) and 965 cm-1 (beraunite). 
The position of the symmetric stretching vibration is mineral dependent and a function of the cation 
and crystal structure. The fact that the symmetric stretching mode is observed in the infrared spectrum 
affirms a reduction in symmetry of the PO4 units. The value for the ν2 symmetric bending vibration of 
PO4 units as determined by infrared spectroscopy was given as 438 cm
-1 (augelite), 452 cm-1 
(wavellite), 440 and 415 cm-1 (rockbridgeite), 455, 435 and 415 cm
-1 (dufrenite) and 470 and 450 cm-1 
(beraunite). The observation of multiple bending modes provides an indication of symmetry reduction 
of the PO4 units. This symmetry reduction is also observed through the ν3 antisymmetric stretching 
vibrations. Augelite shows infrared bands at 1205, 1155, 1079 and 1015 cm-1; wavellite at 1145, 1102, 
1062 and 1025 cm-1; rockbridgeite at 1145, 1060 and 1030 cm-1; dufrenite at 1135, 1070 and 1032 cm-
1; beraunite at 1150, 1100, 1076 and 1035 cm-1. Some Raman spectra have been published. 
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Pseudomalachite, shows an intense Raman band at 971 cm-1 with a shoulder at 998 cm-1. Cornetite 
shows an intense band at 961 cm-1 with minor components at 994 and 922 cm-1. Libethenite has an 
intense band at 975cm-1.  These bands are assigned to the ν1 symmetric stretching vibration of the PO4 
units 23.  
 
 In soils gelatinous hydrated hydroxy phosphates such as the minerals listed above may be 
formed in solution and precipitate from this solution 27. Such gels may contain mixed variable 
phosphate anions 27, with species dependant upon the temperature and pH at the time of the 
crystallisation 28, 29. Such phenomena affect the chemistry of soils 30. Thus it is important to understand 
the vibrational spectroscopy of the minerals such as cacoxenite and gormanite since these minerals are 
formed in soils, slag wastes and other environmental situations. As part of a comprehensive study of 
the IR and Raman properties of minerals containing oxyanions, we report the Raman properties of the 
above named phases. 
 
2 Experimental 
Minerals 
 
The minerals were analysed for phase purity by X-ray diffraction techniques and for composition by 
electron probe analyses. 
 
Raman microprobe spectroscopy 
 
The crystals of the mineral were placed and orientated on the stage of an Olympus BHSM 
microscope, equipped with 10x and 50x objectives and part of a Renishaw 1000 Raman microscope 
system, which also includes a monochromator, a filter system and a Charge Coupled Device (CCD). 
Raman spectra were excited by a HeNe laser (633 nm) at a resolution of 2 cm-1 in the range between 
100 and 4000 cm-1. Repeated acquisition using the highest magnification was accumulated to improve 
the signal to noise ratio. Spectra were calibrated using the 520.5 cm-1 line of a silicon wafer. In order to 
ensure that the correct spectra are obtained, the incident excitation radiation was scrambled. Previous 
studies by the authors provide more details of the experimental technique. Spectra at controlled 
temperatures were obtained using a Linkam thermal stage (Scientific Instruments Ltd, Waterfield, 
Surrey, England). Details of the technique have been published by the authors 22, 31-35.  
 
Infrared spectroscopy 
 
Infrared spectra were obtained using a Nicolet Nexus 870 FTIR spectrometer with a smart 
endurance single bounce diamond ATR cell. Spectra in the region 4000−525 cm-1 were obtained by the 
co-addition of 64 scans with a resolution of 4 cm-1 and a mirror velocity of 0.6329 cm/s. Spectracalc 
software package GRAMS. Band component analysis was undertaken using the Jandel ‘Peakfit’ 
software package, which enabled the type of fitting function to be selected and allows specific 
parameters to be fixed or varied accordingly. Band fitting was done using a Gauss-Lorentz cross-
product function with the minimum number of component bands used for the fitting process. The 
Gauss-Lorentz ratio was maintained at values greater than 0.7 and fitting was undertaken until 
reproducible results were obtained with squared regression coefficient of R2 greater than 0.995. 
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3 Results and discussion 
 
Gormanite Cacoxenite 
Infrared 
Band Centre 
(cm-1) / 
Intensity (%) 
Raman 298K 
Band Centre 
(cm-1) / 
Intensity (%) 
Raman 77K 
Band Centre 
(cm-1) / 
Intensity (%) 
Infrared 
Band Centre 
(cm-1) / 
Intensity (%) 
Raman 298K 
Band Centre 
(cm-1) / 
Intensity (%) 
Raman 77K 
Band Centre 
(cm-1) / 
Intensity (%) 
3696 / 0.09 
3614 / 1.04 
3601 / 0.67 
3414 / 4.04 
3343 / 5.25 
3228 / 10.56 
3027 / 14.69 
2691 / 3.24 
2464 / 0.54 
3615 / 0.78 
3419 / 1.41 
3404 / 1.65 
3296 / 1.56 
2893 / 0.53 
 
3617 / 1.21 
3555 / 0.05 
3418 / 2.51 
3366 / 0.25 
3325 / 0.87 
3274 / 0.50 
 
3529 / 2.55 
3417 / 11.45 
3269 / 23.76 
3089 / 31.14 
2833 / 9.42 
 
3599 / 2.60 
3504 / 2.64 
3429 / 14.55 
3251 / 20.76 
3085 / 1.17 
2947 / 5.12 
2667 / 10.56 
2309 / 11.71 
 
3470 / 2.96 
3301 / 28.91 
3282 / 0.38 
3135 / 12.95 
3003 / 1.61 
 
1600 / 1.83 
1438 / 0.86 
 
  1640 / 2.50 
1571 / 1.02 
 
 1642 / 1.99 
 
1212 / 3.40 
1125 / 7.36 
 
 
1478 / 0.20 
1466 / 0.53 
1414 / 1.57 
1382 / 3.13 
1365 / 1.11 
1342 / 4.09 
1291 / 0.07 
1247 / 3.62 
1150 / 6.96 
1123 / 7.62 
1095 / 20.73 
1053 / 7.85 
1225 / 1.19 
1065 / 33.38 
 
1204 / 0.43 
1148 / 1.28 
1099 / 1.33 
1050 / 4.87 
1025 / 0.65 
 
1231 / 0.23 
1213 / 0.69 
1153 / 1.59 
1118 / 1.28 
1081 / 2.32 
1041 / 4.62 
1026 / 1.17 
 
1229 / 2.51 
1155 / 5.02 
1115 / 5.00 
1079 / 8.49 
1022 / 4.34 
 
1063 / 17.83 
981 / 15.16 
996 / 2.04 
969 / 0.93 
 
1019 / 19.35 
 
1004 / 3.44 
966 / 3.32 
 
979 / 1.59 
961 / 1.50 
 
969 / 5.33 
 
914 / 6.88 
822 / 1.72 
750 / 2.40 
899 / 2.78 
 
790 / 0.68 
740 / 1.70 
 
922 / 1.52 
894 / 0.71 
747 / 0.22 
926 / 0.69 
 
923 / 0.98 
 
642 / 0.94 
622 / 1.04 
 
 649 / 6.11 
600 / 1.44 
 
625 / 0.09 
 
619 / 1.02 
606 / 0.47 
 
676 / 0.09 
611 / 1.70 
 
570 / 0.25 
548 / 0.22 
 
505 / 5.75 
 
515 / 7.02 
482 / 11.83 
587 / 0.23 
560 / 0.07 
 
573 / 1.60 
526 / 0.04 
495 / 0.58 
574 / 2.76 
492 / 2.04 
 
 459 / 3.90 
436 / 3.07 
405 / 0.76 
 
  433 / 0.20 
411 / 0.77 
 
410 / 3.66 
 
 380 / 3.84 
364 / 2.76 
349 / 2.86 
330 / 1.43 
314 / 4.42 
 
  371 / 0.07 
345 / 0.16 
317 / 0.22 
 
375 / 2.25 
351 / 0.75 
 
 195 / 0.72 
172 / 0.76 
151 / 0.56 
 
381 / 0.68 
311 / 7.61 
245 / 3.20 
190 / 0.39 
 
 307 / 0.56 
279 / 1.93 
262 / 1.73 
245 / 1.69 
217 / 2.71 
199 / 0.21 
169 / 0.19 
155 / 1.09 
 
307 / 1.99 
260 / 4.29 
 
 
Table 1 Raman and infrared spectroscopic analysis of gormanite and cacoxenite,  
 
 The infrared spectrum at 298 K and the Raman spectrum at 298 and 77 K of gormanite and 
cacoxenite in the region 700−1300 cm-1 are shown in Figures 1 and 2 with the band component 
analyses reported in Table 1. The Raman spectra of these minerals show complexity in the range 
700−1200 cm-1, with a large number of overlapping bands. The infrared spectrum of gormanite 
(Fe2+)3Al4(PO4)4(OH)6.2H2O shows bands at 1212, 1125, 1063, 981 and 914 cm
-1. One possible 
assignment is that the three higher wavenumber bands are attributable to the ν3 antisymmetric 
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stretching modes of the PO4 units and the lower wavenumber band at 981 to the ν1 symmetric 
stretching modes of the PO4 units. The band at 914 cm
-1 may be assigned to OH deformation modes of 
AlOH units and the two bands at 822 and 759 cm-1 to water librational modes. The Raman spectrum at 
298 K displays a series of bands at 1247, 1150, 1123, 1095, 1053, 996 and 969 cm-1. The most intense 
band in this spectrum is at 1095 cm-1. This band is highly polarised. These bands (1095, 1053 and 996 
cm-1) are attributable to the ν1 symmetric stretching modes of PO4. No single crystal X-ray studies of 
gormanite have been published 18. Recent synchrotron radiation experiments have enabled some 
concept of the structure of gormanite and its associated mineral souzalite to be made 36. Le Bail (2003) 
proposed a structure of gormanite consisting of infinite chains of alternating [FeO6], [MgO6], and 
[AlO6] octahedra sharing faces and/or edges. These chains are connected by corners with clusters of 3 
corner-sharing [AlO6] octahedra, forming octahedral layers which are interconnected by [PO4] groups. 
Such a structure involves non-identical phosphate groups. Thus the observation of more than one PO4 
symmetric stretching modes is possible.  
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Figure 1 Infrared and Raman spectra at 298 and 
77 K of the 700-1300 cm
-1
 region of 
gormanite 
 
Figure 2 Infrared and Raman spectra at 298 
and 77 K of the 700-1300 cm
-1
 region 
of cacoxenite 
 
 
 The spectra of cacoxenite (Fe3+,Al)25(PO4)17O6(OH)12.75H2O show even more complexity. 
The mineral is hexagonal with space group P63/m 37. The structure consists of a framework with large 
channels of ~14.2 Å dimension, which hosts the water molecules. The infrared spectrum shows bands 
at 1204, 1148, 1099, 1050, 1025, 1004 and 966 cm-1. The bands between 1204 and 1025 cm-1 can be 
attributed to ν3 antisymmetric stretching modes of the PO4 units, whilst the two bands at 1004 and 966 
cm-1 are attributed to the ν1 symmetric stretching modes of PO4. The Raman spectrum of cacoxenite at 
298 and 77 K is most complex. Raman bands are observed at 1231, 1213, 1153, 1118, 1081, 1041, 
1026, and 979 cm-1. In the 77 K spectrum bands are observed in similar positions. The number of bands 
suggests that the PO4 units are non-equivalent in the structure. It is possible that there are two sets of 
bands in the Raman spectrum of cacoxenite. One set consists of ν1 at 979 cm
-1 and ν3 at 1041, 1118 and 
1213 cm-1 and the second set consists of ν1 at 1026 cm
-1 and ν3 at 1081, 1153 and 1231 cm
-1.   
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Figure 3 Infrared and Raman spectra at 298 
and 77 K of the 100-700 cm
-1
 region of 
gormanite 
 
Figure 4 Infrared and Raman spectra at 298 
and 77 K of the 100-700 cm
-1
 region of 
cacoxenite 
 
 
The infrared spectra in the region 500−700 cm-1 together with the Raman spectra at 298 and 
77 K in the region 100−700 cm-1 for gormanite and cacoxenite are shown in Figures 3 and 4. The lower 
spectral limit of the infrared technique is around 550 cm-1. In the infrared spectrum of gormanite two 
sets of bands are observed at 642 and 622 cm-1 and at 570 and 548 cm-1. The latter two bands are 
attributed to the ν4 bending modes. The first two bands may be ascribed to MOH deformation modes. 
In the Raman spectra at 298 K, these bands are not observed; however in the Raman spectrum at 77 K 
two bands are observed at 649 and 600 cm-1. In the Raman spectrum of gormanite at 298 K, three 
bands are observed at 459, 436 and 405 cm-1. These bands may be assigned to the ν2 bending modes of 
the PO4 units.  
 
The spectrum of cacoxenite in the low wavenumber region is somewhat similar to that of 
gormanite. Infrared bands are observed at 560 and 587 cm-1 which although comparatively high 
compared with most common phosphates may be assigned to the ν4 bending modes. In the Raman 
spectrum three low intensity bands are observed at 573, 526 and 495 cm-1 which correspond to ν4 
bending modes. At 77 K the Raman bands are observed at 574 and 492 cm-1. Two bands are observed 
in the 298 K Raman spectrum at 433 and 411 cm-1 which are assigned to the ν2 bending modes. At 77 
K only a single band at 410 cm-1 is found.  
 
Hydroxyl stretching region 
 
In the spectra of gormanite, two sets of bands are observed. In the infrared spectra, the first set 
consists of three bands at 3696, 3614 and 3601 cm-1, whilst the second consists of bands at 3414, 3343, 
3228 and 3027 cm-1.  The first set of bands are assigned to MOH stretching vibrations where M = Al3+, 
Fe2+ or even Fe3+. The bands at 3614 and 3696 cm-1 are assigned to AlOH stretching vibrations and the 
band at 3601 cm-1 to FeOH stretching vibrations. The second set of bands are attributed to the OH 
stretching bands of water in the gormanite structure 36. In the formula of gormanite 
(Fe2+)3Al4(PO4)4(OH)6.2H2O, the iron is Fe
2+ and the Al is Al3+. However, if some of the Fe2+ is 
oxidised to Fe3+ , then some of the Fe3+ can replace the Al3+ in the structure. Some evidence from EPR 
work shows that such a proposition is justified 38. In the Raman spectrum of gormanite a similar band 
profile exists to that of the infrared spectrum. Two distinct sharp bands are observed at 3617 and 3555 
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cm-1. A probable assignment is that the first band is the Raman spectrum of Al-OH stretching bands 
and the second is the Fe-OH stretching bands. Four additional Raman bands are observed at 3418, 
3366, 3325 and 3274 cm-1. These bands are attributed to the HOH stretching bands.  
 
 In contrast in the infrared spectrum of cacoxenite (Fe3+,Al)25(PO4)17O6(OH)12.75H2O a broad 
spectral profile centred upon 3255 cm-1 is observed. This band may be resolved into component bands 
at 3529, 3417, 3269, 3089 and 2833 cm-1.  In the Raman spectrum of cacoxenite at 77 K, better band 
separation is observed with bands at 3470, 3301, 3282, 3135 and 3003 cm-1.  One reason for the 
difference in the spectra is that cacoxenite structure has large diameter pores in which the water is 
found. Thus the spectra of cacoxenite in the OH stretching region are dominated by the spectrum of 
water in these channels. No distinct OH stretching vibration is observed as compared with the Raman 
spectrum of gormanite.  
 
 
4 Conclusion 
 
 Raman spectroscopy has been used to study the structure of the two minerals gormanite and 
cacoxenite. The structure of gormanite consists of infinite chains of alternating [FeO6], [MgO6], and 
[AlO6] octahedra sharing faces and/or edges. These chains are connected by corners with clusters of 3 
corner-sharing [AlO6] octahedra, forming octahedral layers which are interconnected by [PO4] groups. 
In contrast the mineral cacoxenite consists of a framework with large channels of ~14.2 Å dimension 
with water located in these channels. The difference in structure gives rise to completely different OH 
stretching vibrations. Two sets of well defined bands are observed for gormanite attributed to OH 
stretching vibrations of OH units bonded to Fe2+, or Al3+ and to water OH stretching vibrations with 
well defined spectral positions. In contrast the OH stretching vibrations of cacoxenite is broad with an 
apparent continuum of states of the OH bands with no well defines OH stretching bands.  
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